ABSTRACT
INTRODUCTION
Synthesis of adenovirus DNA initiates by protein priming at the termini of the genome and proceeds via a strand displacement mechanism. The viral genome can be replicated in vitro by the action of five proteins of which three are viral and two are cellular. Determination of the mechanism of adenovirus DNA replication has been facilitated by cloning and expression of each *To whom correspondence should be addressed of these genes in a variety of heterogeneous systems, from which the proteins can be obtained in a highly purified form. The adenovirus coded DNA polymerase (140 kDa, pol), precursor to the terminal protein (80 kDa, pTP) and the DNA binding protein (59 kDa, DBP) are each essential for viral DNA replication but this process is stimulated greatly by the additional presence of two cellular proteins nuclear factor I (NFI) and nuclear factor IH (NFIII), (reviewed in references [1] [2] [3] [4] . Both of these proteins are transcription factors, NFI being equivalent to CAAT transcription factor (5), while NFIII is the homeodomain containing protein oct-1 (6) . Over recent years a model has been formulated for the formation of a preinitiation complex, in which each of these proteins is incorporated into a large nucleoprotein complex at the viral origin of DNA replication. The highly abundant DBP first coats the linear, protein-linked genome then NFI and NFHI are bound at their DNA recognition sites located within the viral origin of DNA replication. A direct protein-protein interaction between NFI and pol (7-9) is then required to direct the pTP-pol heterodimer to its DNA recognition site in the core of the viral replication origin (10) . By an as yet undetermined mechanism the single stranded origin template is exposed and pol catalyses the transfer of dCMP onto the fhydroxyl group of a serine residue in pTP. Once initiated DNA synthesis is continued by pol in a highly processive manner. DBP functions at multiple stages in the replicative process participating directly both in initiation and elongation. During initiation DBP increases the affinity of NFI for its binding site in the origin of DNA replication (11, 12) and decreases the Km for dCTP in the transfer of dCMP onto pTP (13) . Once elongation has begun DBP increases the processivity of pol (14, 15) and maintains the displaced single strand in a protected form as a rigid nucleoprotein fibre (16) . As the precise action of DBP in these processes has not been determined, we examined the interaction between DBP and a variety of templates containing double stranded DNA. DBP has the properties of a helix destabilising protein and can displace short DNA strands from their complementary sequences in the single stranded form of M13, in a reaction which requires neither ATP nor MgCl2. Unwinding of DNA was highly cooperative and was inhibited by conditions which increased the stability of DNA duplexes. Completely double stranded DNA duplexes could also be unwound, but this activity was inhibited if the DNA fragments were bound by either NFI or NFIII. These activities were localised to the C-terminal domain of DBP that has Sf9 cells were maintained as monolayer and suspension cultures at 28°C in TC-100 medium (GIBCO-BRL) supplemented with 10% fetal calf serum and 50,g/ml penicillin and streptomycin.
AcRPlacZ DNA linearized with Bsu36I (0.5kg) and the plasmid pVLDBP (24g) were cotransfected into Sf9 cells using lipofectin (GIBCO-BRL) and the recombinant baculovirus was purified by two rounds of plaque purification (18, 19 figure 1 ) and had the N-terminal sequence Ser-Leu-Pro-Ile-Val, confirming that it was the 39 kDa fragment described previously (23) . To further characterise the biochemical properties of the two proteins that might be involved in viral DNA replication, both the full-length DBP and 39 kDa chymotryptic fragment of DBP were examined for their ability to unwind short stretches of double stranded DNA figure 3C ). Inclusion of NaCl in the reaction also reduces DNA unwinding activity of DBP, with less than 30% of the activity remaining at 100 mM NaCl ( figure 3A) . Titration of increasing amounts of both the DBP and the 39 kDa proteins into the reaction, revealed that strand displacement only took place after the DNA was completely covered with bound protein ( figure 3D ), although it is not clear why the 39 kDa fragment appears to be fully active at a lower concentration than DBP. At saturating DBP concentrations the unwinding reaction is rapid with all of the 39 mer oligonucleotide released from the M13 DNA within 1 minute (figure 3B).
Involvement of the C-terminal region of DBP in DNA unwinding To identify which region of the protein was involved in the DNA unwinding activity and to confirm that DNA unwinding was being catalysed by DBP, rather than a copurifying contaminating protein, the DBP specific B6-10 monoclonal antibody (24) IgG from a monoclonal antibody raised against ovalbumin had no effect on the unwinding activity of DBP, equivalent amounts of antibody specific for DBP strongly inhibited strand displacement activity (figure 4). The epitope recognised by the B6-10 antibody is present within the C-terminal chymotryptic fragment of DBP (24) whereas if DBP migrated in a 3' to 5' direction on the single stranded DNA then the 15 nucleotide fragment would be released (figure 5). The high affinity of DBP for single stranded DNA and the slow dissociation of the single stranded DNA-DBP complex once formed (16) , should ensure that stable binding of DBP takes place on the single stranded region of this substrate. In fact incubation of this substrate with the 39 kDa DBP resulted in both fragments being displaced, although the smaller fragment, being more easily unwound, was detected at a lower concentration of 39 kDa DBP ( figure 5) . Thus it appears that unlike ATP dependent helicases the strand displacement activity of adenovirus DBP is not strictly directional.
DBP promoted unwinding of linear duplex DNA In the assays described above the substrate used is largely single stranded with only a short stretch of double stranded DNA. Although DBP binds cooperatively and tighdy to single stranded DNA it has also been shown that DBP can bind to double stranded DNA (11, 12) . It was therefore of interest to determine if DBP could unwind a completely double stranded DNA fragment. A 32P-labelled 27 base pair DNA fragment, which contains base pairs 1-18 of the adenovirus type 2 origin of replication, was incubated with both DBP and the 39 kDa proteolytic fragment and the products separated on a native polyacrylamide gel, which is capable of resolving single and double stranded DNA ( figure  6 ). Both DBP and the 39 kDa proteolytic fragment of DBP were capable of unwinding the short DNA duplex, although again it was noticed that the 39 kDa fragment appeared to more active in the assay than DBP, with maximal activity being acheived at (28) . However, whereas the denaturation reaction described here is inhibited by high concentrations of monovalent and divalent cations the renaturation reaction described above is highly resistant to their presence (28 (29) . Although not supported by published evidence, one possibility is that DBP may participate with other replication proteins in the unwinding of the DNA double helix that is expected to take place at the termini of the genome prior to initiation. The requirement for DBP during progress of the replication fork has been well established and it is likely to be a consequence of DBP stabilising displaced single strands and altering the properties of the viral DNA polymerase. In the latter case DBP has been shown to convert pol into a form that is capable of strand displacement and highly processive DNA synthesis (15, 16) . Both of these activities may well be a consequence of the ability of DBP to transiently destabilise double stranded DNA at the advancing replication fork.
